Data from echocardiography provide a cornerstone in the management of heart failure. All imaging techniques can provide an ejection fraction, but the versatility of echocardiography makes it unique in the provision of volumes, diastolic function, right ventricular function, hemodynamics, and valvular regurgitation. The early detection of heart failure has been facilitated by the assessment of global longitudinal strain, which is also useful in later heart failure for the assessment of left ventricular synchrony. The use of echocardiography has been associated with favorable outcomes, probably on the basis of facilitation of appropriate therapy. This review examines the evidence provided by echocardiography and its application in specific settings. Although the guidelines emphasize that no single test satisfies all imaging requirements in heart failure, and other modalities can provide additional information about specific questions (especially tissue characterization), echocardiography is indispensable in the management of heart failure.
Pat ients with heart failure (HF) receive medical care from a variety of providers and at a variety of disease stages. Because the cardiology literature often focuses on severe or inpatient HF, including devices, there is a risk of neglecting diagnosis and management in the large number of ambulatory HF patients in the community. The availability, relatively low cost, and versatility of echocardiography make it the imaging procedure of choice in these patients. Even in the hospital, the ability to perform echocardiography during procedures and at the bedside, including the intensive care environment, makes this test indispensable (1) .
Echocardiographic imaging has several targets in the HF population, including the assessment of myocardial structure and function, valvular disease, and hemodynamics (Table 1 ). In addition, ultrasound techniques can provide information on abnormal myocardium (based on strain or integrated backscatter abnormalities), although the ability of ultrasound to characterize tissue (scar vs. inflammation or infiltration) is far inferior to that of cardiac MR. Of course, ultrasound evaluation should not occur in isolation, being incremental to clinical and hemodynamic assessment, sophisticated imaging such as cardiac MR, and genetic analysis (2) .
ECHOCARDIOGRAPHIC TOOLS FOR HF ASSESSMENT
All modalities of echocardiography are useful in the assessment of the HF patient. Historically, this process began with M-mode echocardiography, a technique that remains helpful for accurate assessment of wall and chamber dimensions. The use of 2-dimensional (2D) echocardiography has added the ability to assess left ventricular (LV) volume and valvular disease. The progression to 3-dimensional (3D) echocardiography has enhanced the accuracy and reliability with which chamber volume and function are measured, as well as the mechanistic evaluation of regurgitation. Doppler assessment of hemodynamics has become an indispensable adjunct to HF evaluation, including assessment of pulmonary artery and right atrial pressure, LV filling, and regurgitant valve lesions (3) . The recent development of myocardial strain has facilitated the assessment of long-axis function, which is sensitive to the preclinical phases of HF, as well as the evaluation of LV synchrony (4) . Finally, the bedside application of handheld ultrasound to the assessment of intravascular volume and pulmonary congestion appears to be a feasible alternative to clinical examination, in view of the attenuation of clinical examination skills (5) .
Ejection Fraction (EF)
Visual estimation of EF is widely used, and for many years it has been known that the eye of an experienced observer is comparable to the performance of a trackball (6) . However, this approach may be misleading when the rhythm is irregular (requiring capture of multiple cardiac cycles), when the LV size is very large or very small, and when the extremes of heart rate are present. There are numerous quantitative approaches with echocardiography. Fractional shortening and the Teicholtz method for estimation of EF from M-mode imaging have been superseded by measurements of LV volumes in apical views using the biplane method of Simpson (7) . Nonetheless, even with 2D imaging, the likelihood that repeated images will cut through the same 3D plane is small, and therefore repeated testing has a high likelihood of producing variable volume and EF results. When EF is close to the criteria assigned for electrical device insertion, variation may have important implications (Fig. 1) . The use of 3D echocardiography provides analogous EF results (8) but has the advantage of less test-retest variation (9) .
EF has a central role in the management of HF, identifying patients who are likely to respond to therapy for HF with reduced EF as well as patients who will benefit from device therapy, either implanted defibrillators or cardiac resynchronization. Indeed, the reason for outcome benefit in patients undergoing echocardiography at the time of HF presentation is likely connected to the importance of EF in selecting prognostically beneficial therapy (10, 11) . Although the limitations of this technique related to geometric assumptions may be avoided by 3D imaging (Fig. 2) , EF measures by either method are susceptible to inaccurate tracing, load dependence, poor test-retest reliability, and limited prognostic value when the measure is close to the reference range (3).
Strain is a means of measuring myocardial deformation, which has been measurable clinically for more than 15 y. The initial methodology involved tissue Doppler (which was angle-dependent) but speckle tracking of gray-scale images has been the method of choice for over a decade (12) . Global longitudinal strain is a robust measure of LV long-axis function that is particularly useful for assessing the preclinical phases of HF (Fig. 3) . Strain rate is better than strain as a marker of contractility, although the temporal resolution of speckle tracking at normal frame rates makes it more difficult to measure accurately than with tissue Doppler-based approaches. Regional strain has been validated against measurements with cardiac MR and microcrystals but lacks the spatial averaging of global longitudinal strain.
Load-Independent Parameters
A major goal of echocardiographic assessment in HF is evaluation of the performance of the left ventricle, which is dependent on not only contractile state but also load. The possible ways to address this issue include assessment of afterload and preload in order to correct standard measures (e.g., EF) or measurement of contractility independent of loading. However, many investigators consider the rationale for defining a load-independent parameter to be inherently flawed because cardiac function per se is linked to loading mechanics.
Measurement of Load. Afterload is reflected by systolic wall stress, which has conventionally been approximated by the product of force (blood pressure) and LV size (expressed as LV internal dimension) and is inversely proportionate to wall thickness, as derived from the law of Laplace (12) . Unfortunately, there are several problems with this approach. First, the geometric simplifications are excessive. Second, peak wall stress occurs in early systole. Third, abnormal arterial properties (including abnormalities of the aortic reservoir and wave reflection) may cause LV systolic pressure to be overestimated from cuff systolic pressure. For these reasons, wall stress (13) is a difficult parameter to apply clinically, and consequently, blood pressure is often used as the marker of afterload. Likewise, preload assessment is difficult, although LV diastolic pressure can be estimated by echocardiography.
Load-Corrected Parameters. Essentially, all clinical parameters of LV function are load-dependent. However, some of the more egregious sources of inaccuracy can be avoided. LV midwall shortening is less dependent on LV geometry than are endocardial measurements. Although more recently replaced by LV strain measurements, LV midwall shortening compensates for LV hypertrophy rather than afterload. The association between loading and inotropic state is conventionally expressed by pressure-volume loops at different workloads and by contractility measured from end-systolic elastance. Noninvasive approaches to approximating this association have focused on the pressure-volume relationship and have been facilitated by 3D imaging. Changes in the ratio between peak systolic pressure and end-systolic volume with exercise or other stress have been used as a pragmatic clinical approach (14) . The measurement of preload-recruitable stroke work is well established in the experimental literature (15) , but clinical use is hampered by the challenges of measuring stroke work and LV volume and of altering loading without altering inotropy. Finally, the calculation of mean cardiac power (from stroke volume, mean arterial pressure, and heart rate) or peak instantaneous power (the peak product of LV outflow and pressure during systole) can be preload-adjusted by indexing to end-diastolic volume (16) . Cardiac power correlates with maximal oxygen consumption and predicts prognosis, and this methodology is not as widely used as might be expected from its ability to account for preload and afterload.
Another alternative is to select parameters that are outside the ejection phase of the cardiac cycle. The most established approach is the myocardial performance index, derived from the sum of the isovolumic contraction and isovolumic relaxation times divided by the ejection time. This measurement has been validated with invasive measures of both systolic and diastolic function (17), appears to be independent of LV geometry, is easily obtainable, and is reproducible, but it is somewhat load-dependent. Another parameter that allows assessment of LV function before the left ventricle is exposed to afterload is isovolumetric acceleration (18) .
LV Size and Shape
The degree of LV remodeling is an important prognostic factor in patients with HF with reduced EF. Although LV dimensions remain a cornerstone of the management of valvular heart disease, the contribution of ischemic heart disease to a substantial proportion of HF means that single-dimension measurements are fraught with error because of the likelihood of regional changes. LV volume measurements using 2D echocardiography are susceptible to offaxis imaging, and they frequently underestimate the true volumes. The use of ultrasound contrast facilitates the acquisition of on-axis images and enhances contrast resolution of the true endocardial border. The use of 3D echocardiography similarly reduces the amount of underestimation, analogous to the effect of contrast, but with the benefit of reliability (19) . The ongoing minor underestimation of volumes obtained using MR imaging likely relates to trabecular resolution, and it is possible to program a correction in 3D software to overcome this problem (20) .
Not only LV size but also LV shape is an important clue to the severity of HF. The transition from a bullet-shaped to more spheric ventricle is a simple subjective marker that may be quantified as a sphericity index. When used with 2D imaging, LV shape may be influenced by regional involvement, and 3D measurements are likely preferable (21) .
Left Atrial (LA) Volumes
The left atrium is considered to be a marker of long-term filling pressure analogous to the role of HbA1c as a measure of average glucose level in diabetes mellitus. LA volume is predictive of events, including atrial fibrillation. In a patient with suspected HF, the absence of LA enlargement (,35 mL/m 2 ) indicates either that the process is acute or that sustained elevation of filling pressure has not occurred. LA volume is a valuable prognostic marker (22) . LA volume is measured using a biplane approach in the apical views; 3D measurements have also been validated (23) .
LA function has recently been shown to add incremental predictive information about the development of atrial fibrillation. The conventional measurement of atrial function involves Doppler measures to assess conduit, reservoir, and contractile function (24) . The assessment of LA strain is more feasible and has the ability to measure both LA compliance and LA contraction (24) .
Diastolic Function
The echocardiographic evaluation of diastolic function is dependent on transmitral flow, annular tissue Doppler, LA volume, and pulmonary vein flow (25) . Echocardiographic techniques for this assessment are imperfect, with the most widely used being E/e9 (the ratio between early mitral inflow velocity and mitral annular early diastolic velocity). A particular limitation of this parameter is susceptibility to loading conditions (Fig. 4) ; other problems are mentioned in Table 2 (26) . Further, categorization of diastolic dysfunction into mild (delayed relaxation), moderate (pseudonormal), and severe (restrictive) offers prognostic staging. Unfortunately, there is only limited concordance between observers in the characterization of these entities (27) .
Right Ventricular (RV) Function
The presence of RV dysfunction has important prognostic implications in patients with HF. Traditionally, RV dysfunction has been evaluated qualitatively, but the development of RV freewall strain and annular systolic tissue velocity of the RV (RF s9) has been an improvement over existing quantitative measures such as tricuspid annular displacement, fractional area change, and myocardial performance index (28) .
Mitral Regurgitation
The presence and severity of mitral regurgitation are important parameters that should be assessed quantitatively (29) . The distinction between a failing left ventricle due to severe mitral regurgitation and severe functional mitral regurgitation due to a failing left ventricle may have important implications, and the cornerstone of this distinction is evaluation of the mitral valve. Functional mitral regurgitation is characterized by tethering of the leaflets, and a jet that is usually central or posteriorly directed in the absence of anterior leaflet prolapse. Ischemic mitral regurgitation may also be associated with a commissural jet, related to loss of support from one or the other papillary muscle (30) . Even when mitral regurgitation is not severe, the spectral Doppler jet provides information about LV function; the rate of increase of velocity is analogous to the measurement of LV dP/dt (normally . 1,200 mm Hg/s), a marker of LV contractility that is especially useful in mitral regurgitation, when LV function may be overestimated by the EF.
Hemodynamics
The hemodynamic assessment of patients presenting with HF is a fundamental strength of echocardiography. The evaluation of transmitral flow provides information on LV filling pressure (1).
However, the most important aspect is probably the estimation of pulmonary artery systolic pressure, which is calculated from tricuspid regurgitation velocity and estimation of right atrial pressure from the inferior vena cava diameter in response to a sniff (24) . The limitations of this approach are that it depends on a tricuspid regurgitation signal (although this is reportable in most HF patients) and carries a risk of underestimating pulmonary artery systolic pressure in the presence of severe tricuspid regurgitation, which can contravene the assumption of low right atrial pressure.
The assessment of cardiac output from volumetric approaches is based on tracing diastolic and systolic volumes or using Doppler to calculate stroke volume from blood flow, outflow tract diameter, and heart rate. The measurement of stroke volume depends on accurate estimation of LV outflow tract diameter, errors of which are squared in the course of volume calculations. Unfortunately, accurate tracing of end-diastolic and end-systolic borders is also problematic. Consequently, neither of these approaches is part of routine practice.
Stress Response
It has been widely recognized that the preservation of LV contractile reserve in response to either dobutamine or exercise stress is an important prognostic clue in both ischemic and nonischemic cardiomyopathy. More recently, RV contractile reserve has also been shown to add value (31). However, recognition of ischemia in the dilated, failing heart can be difficult, and segmental evaluation of viability with stress echocardiography even more so.
Linking the Investigation to the Question
The guidelines emphasize that no single test satisfies all imaging requirements in HF. Other modalities, discussed elsewhere in this issue of The Journal of Nuclear Medicine, can provide additional information on specific questions (especially tissue characterization). These other tests are best selected according to the imaging requirements of various indications; an approach to this process is summarized in Table 3 .
SYMPTOMATIC HF Echocardiography and Other Investigations
The initial diagnosis of HF in many patients follows an acute presentation with pulmonary edema. Although HF is a clinical diagnosis, the symptom of dyspnea is nonspecific, particularly in the context of chronic lung disease. In this situation, echocardiography or serum levels of type B natriuretic peptide Approximately 50% of patients in contemporary registries and studies of HF have preserved EF (33). This should not be perceived as HF with normal systolic function, because systolic function can indeed be abnormal in these patients, with the apparent paradox being explained by the insensitivity of EF to minor impairment of systolic function. Although HF with preserved EF has historically been a diagnosis of exclusion, the increasing sophistication in the measurement of myocardial deformation and diastolic function with echocardiography has led to the incorporation of these parameters in the assessment of these patients. Three aspects are of value: left atrial volume, E/e9, and diastolic stage. In particular, the estimation of LV filling pressure may be helpful for guiding diuretic therapy.
Etiology
HF is a syndrome rather than a diagnosis, and the etiology of HF may be apparent from echocardiography. The first step is evaluation of the left ventricle on the basis of relative wall thickness and LV mass; morphology is categorized as normal, concentric remodeling, concentric hypertrophy, and eccentric hypertrophy (34) . The first three of these morphologies may be seen with HF with preserved EF, whereas the fourth is characteristic of HF with reduced EF. Regional wall motion abnormalities and especially LV thickening suggest coronary artery disease, although myopathic processes may also show regional variation in LV function. LV hypertrophy suggests that the etiology of HF may be related to hypertension or diabetes mellitus, but asymmetric hypertrophy is consistent with a cardiomyopathy (2) . In patients in whom the degree of wall thickening is not matched by the QRS magnitude, amyloid heart disease should be considered, particularly when tissue velocity or strain is low. A particular strain pattern of apical sparing has high specificity for amyloidosis (35) but probably modest sensitivity. In some situations, reevaluation of the LV response with stress may facilitate the diagnosis of coronary artery disease. This approach may be particularly important in patients with suspected HF with preserved EF, in whom dyspnea may be an angina equivalent that simply reflects the presence of coronary disease.
Differential Diagnosis and Complications
Echocardiography also plays a vital role in the recognition of other disease entities when HF symptoms are not attributable to myocardial dysfunction. The most important groups of patients are those with valvular heart disease and those with pericardial disease. Constrictive pericarditis should always be considered as a differential diagnosis in patients with HF with preserved EF, especially those with a history of previous cardiac surgery.
Patients with severe LV dysfunction are at risk for the development of LV thrombus. This risk may not be realized on standard 2D echocardiography, and there should be a low threshold for the use of contrast echocardiography in settings such as ischemic LV dysfunction with an apical aneurysm or HF patients presenting with a transient ischemic attack or stroke (36) . Unstable HF patients may have pericardial effusions, which are readily recognizable with handheld echocardiography. 
ASSESSMENT OF PROGNOSIS
HF is widely recognized as a highly morbid disease, but morbidity and mortality rates are not uniform. Echocardiography is an important component of risk evaluation; mortality is predicted by the severity of LV remodeling, EF, strain (especially in HF with preserved EF), diastolic dysfunction and LV filling pressure, RV function, pulmonary hypertension, and mitral regurgitation (37) .
The prognostic assessment of HF patients relates not only to mortality but also to risk of hospital readmission (38) . There is particular interest in this endpoint since its selection by the Centers for Medicare and Medicaid Services as a marker of quality, with consequent financial incentives. Generally, EF has not been a reliable marker of readmission risk-perhaps reflecting the high frequency of HF with preserved EF. In contrast, LV strain has been shown to predict HF admission (39) . Perhaps more important is the protection of HF readmission based on hemodynamic assessment, including LV filling pressure, pulmonary hypertension, and right atrial pressure (40) .
SELECTION OF PATIENTS FOR DEVICE THERAPY
Selection of patients for a wide variety of device therapies is also reliant on echocardiographic assessment. In patients with LV dysfunction, these decisions relate to implantable cardioverter defibrillators and cardiac resynchronization therapy, whereas in advanced HF, echocardiography may contribute to evaluation for LV and RV assistive devices.
Implantable Cardioverter Defibrillators
The selection of patients for implantable cardioverter defibrillator therapy depends on the evaluation of EF, although the obsessive use of individual cutoffs in the setting seems imprudent. Neither the modality of EF nor the use of a core laboratory was stipulated in most of the trials that supported the incorporation of device therapy into guidelines (41) . Moreover, although it is true that the risk of sudden cardiac death is proportionate to the severity of LV dysfunction, the much larger number of at-risk patients with preserved EF led this preserved EF group to account for greater numbers of deaths despite the fact that the individual risk of death is lower. A promising alternative strategy to understanding the risk of arrhythmia and sudden cardiac death has been the evaluation of myocardial fibrosis. It appears that heterogeneous scarring is an important driver of arrhythmia, and it appears that temporal dispersion of myocardial contraction-which can be measured by strain-parallels the magnitude of this problem (42, 43) .
Cardiac Resynchronization Therapy
Although the use of cardiac resynchronization therapy has been justified by prognostic benefit across the population of HF patients and the wide QRS (44) , it is also known that symptomatic or functional benefit is not uniform in wide QRS patients. Unfortunately, defining the response to cardiac resynchronization therapy is difficult, with several potential arbiters of these findings (Table 4) , and the use of this concept of nonresponsiveness has been highly controversial (45) .
Given the prognostic benefit of this intervention, any test to predict nonresponsiveness would have to be highly specific in order to justify failure to administer a potentially life-saving therapy. Nonetheless, it is often not recognized that the ventricular mechanics, and sometimes symptoms, may sometimes worsen if mechanical dyssynchrony is ignored. Although several echocardiographic measurements, particularly involving tissue Doppler, have proven difficult outside major centers, the use of myocardial strain to document the site of maximal delay has now been shown in more than one randomized trial to benefit the outcome of cardiac resynchronization therapy (46, 47) . In addition, echocardiographic assessment of candidates for cardiac resynchronization therapy can predict nonresponse on the basis of nonsynchrony markers, including the severity of ventricular enlargement, RV involvement, and hemodynamic evaluation (48) .
Assistive Devices
The selection and monitoring of patients for assistive devices is a highly specialized topic (49) . One of the most important aspects of the evaluation before implantation relates to the assessment of RV function (50) . Individuals with severe RV dysfunction may require a biventricular assistive device and recognition of this before device implantation is important. However, although the measurement of RV strain seems to be a worthwhile parameter when this decision is to be made, assessment of RV strain is complicated and cannot be simplified to pertain to a single parameter.
REASSESSMENT
Patients with HF are often reassessed using imaging, and the appropriateness of this strategy is controversial (51) . In symptomatic The fundamental requirement for repeated imaging is reliabilityknowing that EF correlates with the results of another test is relevant but less important than knowing that observed changes are actual changes rather than a problem with testing reproducibility. In patients undergoing repeated imaging, the hemodynamic components of the echocardiographic evaluation (right atrial pressure, pulmonary hypertension, LV filling pressure, and stroke volume) are probably the most important, but some are highly variable (Table 5 ). In particular, the serial assessment of EF with 2D echocardiography should be used with great caution. Because of the difficulty in replicating the same views, the 95% confidence intervals for repeated 2D EF are on the order of 10% (9) . The superiority of 3D echocardiography over 2D echocardiography is most valuable in the assessment of LV volumes, with a similar accuracy for EF, but this observation hides the substantial benefit of 3D echocardiography in terms of reproducibility (52) . Myocardial strain may also be an effective means of repeated assessment.
EARLY DIAGNOSIS OF HF
The adverse outcomes of clinical HF have spurred efforts to prevent progression of LV dysfunction to this stage (Table 6 ). In recognition of the patient's progression through the natural history of HF, the American College of Cardiology and American Heart Association (53) have described a series of stages based on cardiac risk factors, evidence of cardiac involvement, clinical manifestations, and refractoriness to treatment ( Table 6 ). The distinction between stage A (HF risk factors including hypertension, type 2 diabetes mellitus, and obesity) and stage B (structural abnormalities such as LV hypertrophy and evidence of past infarction) has important implications for medical management and prognosis.
Because HF risk factors are highly prevalent in the elderly (54), the recognition of stage B HF is a population health challenge, and echocardiography-an inexpensive, widely available, safe, and noninvasive technique-is attractive for this purpose. The LV structural and functional remodeling associated with early stages of ischemic HF is currently easier to recognize than nonischemic etiologies, because mild LV hypertrophy is difficult to recognize. Because the population-attributable risk of nonischemic etiologies (especially diabetes mellitus) is becoming more important, recent work on the use of diastolic evaluation and myocardial mechanics may become more important as a diagnostic approach to this problem (55) .
CONCLUSION
Cardiac imaging is indispensable in the management of HF. Echocardiography is the most widely used test for this purpose and the most versatile in terms of providing clinically relevant information (Table 7 ). In addition to providing information on EF, echocardiography provides information on LV volume, diastolic function, RV function, hemodynamics, and valvular regurgitation that has important prognostic and therapeutic implications. However, although analogous measurements are obtainable from multiple modalities, the data they provide are often discordant, especially LV volumes. These inconsistencies arise from inherent differences in the temporal, contrast, and spatial resolution of the techniques, and extreme caution should be applied in the comparison of measurements between modalities.
Echocardiography is important at every stage of HF, but recent developments in the assessment of LV strain are especially important to the recognition of the preclinical phases of nonischemic HF. Ongoing research is needed to refine applications in this setting, especially by assembling evidence of prognostic and therapeutic implications.
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